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Abstract
The paper presents several methods (analytical, electromechanical and electronic) for determining the cathodic current 
efficiency of the metal deposition processes carried out by AC or pulse current. Based on the results of own experimental 
researches (for indium, cadmium, nickel, tin and zinc), the appropriate equations are given and the distribution of both fara-
daic and non-faradaic parts of charge (charging of the electrode double layer) is calculated.
Keywords Alternating current · Pulse electrolysis · Non-stationary electrolysis · Current efficiency · Current integrator
1 Introduction
The non-stationary electrolysis using alternating current has 
been the focus of interest for many years. In the first line, it 
concerns the obtaining of compact metal galvanic coatings 
[1, 2] or nanopore arrays used as templates for deposition of 
nanowires [3, 4], but in the second line—also other indus-
trial processes like water electrolysis [5, 6] or metal refining 
(like copper [7, 8]).
In numerous papers [9, 10], the mechanisms of alternat-
ing current influence on the electrocrystallization process 
are considered. Investigations of process kinetics proved the 
possibility to obtain compact metal deposits from diluted 
solutions [11, 12], which is especially important during the 
wastewater treatment [13]. Algorithms to find the optimal 
forms of pulse current [14], description and diagrams of 
devices that allow realizing different modes are given [15, 
16]. In many papers [17–20], the advantages of pulse elec-
trolysis have been shown. However, some authors conclude 
that pulse electrolysis has no advantages over stationary 
electrolysis [21].
It is interesting that the number of papers devoted to 
potentiostatic regime of pulse electrolysis is rather small. 
In the monographs of Bard & Allen [22] and Kostin and 
Kublanovski [9], various aspects of pulse electrolysis are 
considered, but without the question of current efficiency 
and the methodology of its determination. The paper of 
Potockaya et al. [23] concerns the influence of electrolysis 
regime on the concentrations of ions near to electrode, but 
without influence on current efficiency too.
On the other hand, the current efficiency is one of param-
eters characterizing electrochemical process and determin-
ing its practically economical usefulness in industry. If its 
determination in the case of DC electrolysis is relatively 
simple, then the use of AC current makes the matter more 
complicated. The impedance method used usually in labo-
ratories is too expensive and rather useless for the work in 
industrial circumstances. At present, there is also no unified 
method to determine the total amount of electricity (charge) 
and the charge consumed by faradaic processes using alter-
nating current at various regimes.
The aim of this work is to develop a simple method 
(based on digital coulometer or double-beam oscilloscope 
in connection with additional resistor) for determining of 
current efficiency at AC electrolysis various modes.
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2  Theoretical Consideration
The following processes can occur on the surface of cath-
ode simultaneously, but naturally, with different rate:
1. ion reduction of some metals to the metallic state;
2. metal ion reduction to an intermediate oxidation state;
3. reduction of water molecules;
4. reduction of hydrogen ions;
5. reduction of molecules and particles which can be pre-
sent in the solution as additives or impurities.
The flow of the above processes requires a certain 
charge, for the account of which the concept of the sub-
stance current efficiency has been introduced. Current 
efficiency of a metal or an alloy is most often determined 
gravimetrically, by the mass difference of a sample before 
and after the process, knowing the total consumed charge. 
However, in addition to the above processes, other pro-
cesses that are not related to the electricity transmitted 
through the system can also occur on the surface of the 
electrode. For example, it is the dissolution of a metal 
from the surface of the cathode due to the reproportiona-
tion reaction [24], or as a result of the metal dissolution 
reaction due to the interaction with the hydrogen ion and 
also due to electrochemical corrosion from the non-equi-
potential electrode surface [25].
Thus, the measured coating mass (as a difference of 
the sample mass before and after the deposition process) 
is the mass difference of the electrochemically deposited 
and dissolved metal by various mechanisms. The use of 
this mass value for calculating the current efficiency of the 
metal is therefore not correct. Consequently, it is advis-
able to introduce the term of “an apparent cathodic current 
efficiency of metal.”
The application of various modes of alternating current 
electrolysis in electrochemistry has led to even greater dif-
ficulties in finding the value of metal current efficiency. A 
large number of different calculation methods [9], sche-
mata and diagrams of different coulometers [26], as well 
as the term variants of “yield of metal” (“cathodic current 
efficiency of metal”, “effective current value efficiency 
of metal,” and “root-mean-square current efficiency of 
metal”) were proposed.
The current efficiency shows the part of current (or the 
charge), which is consumed in the electrode process under 
consideration [27]. The current efficiency always relates to 
a certain electrode reaction  (CEi). Summing of all current 
efficiencies should result in 1 (100%) [22, 28].
It is obvious that the term of “cathodic current effi-
ciency of metal” should be uniform and should not depend 
on the power regime of the electrochemical system. That 
is, the use of constant, alternating or pulse current should 
not make changes or corrections to this formulation.
In spite of the fact that Faraday offered expressions con-
necting the charge and the mass (volume) of the product 
of the electrode reaction for stationary electrolysis, the use 
of his laws is possible for the alternating current mode of 
electrolysis too, but taking into account the part of current 
spent on non-faradaic processes.
When using alternating current, one part of electricity 
is spent on the processes not related to electrode reac-
tions (electrical double layer (EDL) recharging), another 
part—on mutually opposite processes (deposition of metal 
during the cathodic half-cycle and its dissolution during 
the anodic one).
To change the electrode potential, in the absence of cur-
rent consumed by various processes, the required charge 
is equal to [27]:
where q is the charge, C is the capacity of the electrical 
double layer, and d is the change of electrode potential.
Given that
where i is the current density, and  is the time, we get:






 , as well as the capacity of the electrical dou-
ble layer, the greater is the charging current of EDL (ich).
The analysis of Eq. (1) shows that the value of the charg-
ing current of EDL is influenced by electrode surface state, 
the near-electrode solution layer and the power regime of 
the electrochemical system. The change in the potential 
over time due to the steep leading edge will be greater than 
when using sinusoidal alternating current (Fig. 1a) or other 
forms of current for rectangular pulses (Fig. 1b). On the 
other hand, when using rectangular pulses, the efficiency of 
current used in the pulse will be higher [29], since with this 
pulse shape, the potential of the electrode almost instantane-
ously reaches a value at which the deposition of a metal or 
an alloy of the required composition begins. Similar conclu-
sions have been reached by the Khorsani et al. [14].
Thus, with the use of alternating current of sinusoidal, 
quasi-sinusoidal, triangular, rectangular, saw tooth, and 
other forms, the fraction of current spent on the desired 
process directly depends on a number of factors, including 
frequency, voltage waveform, and amplitude value of the 
voltage in the pulse.
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Batishchev [30] presented methods for calculating the 
true cathodic and anodic current efficiencies, which take 
into account separately the charge consumed by deposit-
ing the metal in the cathodic half-cycle, and the charge 
consumed by dissolving the metal during the anodic half-
cycle. However, these methods are based on the assump-
tion that the true cathodic and anodic current efficiencies 
do not depend on the current density, what is contrary to 
the theoretical and practical fundamentals of electrochem-
istry [27].
When the current is switched on, processes are striving to 
achieve a stationary or quasi-stationary state. Thus, at some 
initial instant of time, the ratio between the charge consumed 
by the deposition of the metal, hydrogen evolution or by 
other parallel processes will be different in comparison with 
the time after achieving the quasi-stationary state.
Summarizing the foregoing, it is necessary to distin-
guish the following indicators for calculating the current 
efficiency:
1. total charge passed through the electrochemical system 
(Qtotal);
2. charge spent on the faradaic processes (QF).
Thus, using two different above values of the charge we 
obtain following expressions for calculating the current 
efficiency:
1. total current efficiency (or total charge) of the i-th sub-
stance at the main electrode ( CEtotal):
2. faradaic current efficiency (or the charge spent on the 















where m is the mass of the substance underwent an elec-
trochemical transformation at the electrode, z is the 
number of electrons participating in the elementary elec-
trochemical act, F is the Faraday constant, M is the 
molar mass of the substance, τ is the time of the process, 






As follows from formulas 2 and 3, the difficulty of deter-
mining of the current efficiency value of the process being 
under consideration consists in finding of Qtotal and QF.
3  Experimental
The experiments of metal deposition from the solution 
containing various ions were carried out, and in details 
described in our previous papers for: In [31], Cd [31], Ni 
[32], Sn [33], and Zn [34, 35]. Copper plates (grade of cop-
per C 10200) of 4 × 10−4  m2 were used as the main electrode. 
Graphite plates were used as auxiliary electrodes. The mass 
of the samples was determined to within 0.0001 g, using an 
analytical balance.
An asymmetric quasi-sinusoidal alternating current was 
produced by the signal amplification of a generator G3-33 
by means of a device allowing separately regulate the ampli-
tude of the direct and revertive pulses. A pulse current of 
a rectangular shape was produced with the help of a pulse 
generator G5-60. A dual-beam oscilloscope C1-99 was used 
to register the form of the signal and measure the amplitude 
value of the voltage. Potentiostatic pulses of a rectangular 
shape were produced with the help of a potentiostat IPC-Pro.
4  Results and Discussion
4.1  Determination of the Total Charge
To determine the total charge passed through the elec-
trochemical system ( Qtotal ), in condition of changing the 
Fig. 1  The ratio between the 
of “used” and “unused” charge 
during the electrodeposition of 
indium from an acid tartrate 
electrolyte using a quasi-
sinusoidal asymmetric current 
(a) and potential pulses of a 
rectangular shape (b) (1—range 
of potential values in which 
discharge of indium (III) ions 
is possible, 2—ranges of direct 
pulse without deposition of 
indium; from [31])
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current during the process, it is necessary to perform the 
integration of the dependence of the current (I) on time 
(τ) [9]:
Several methods can be offered for the determination of 
Qtotal which are combined in the following groups: analyti-
cal, electromechanical, and electronic.
A group of analytical methods helping to determine 
mathematically the charge can be used if the shape of cur-
rent in the direct and reverse pulses is repeated throughout 
the process, and can be described by a some function.
Figure 2 presents the current–time dependence of cad-
mium electrodeposition from acidic electrolyte [31] using 
alternating asymmetric quasi-sinusoidal current.
The total charge for this mode can be calculated using 
the following formula [32]:
where n is the number of periods of current oscillations dur-
ing the electrolysis time, Ikmax is the amplitude value of the 
current in the cathodic half-cycle, A; Iamax is the amplitude 
value of the current in the anodic half-cycle, A; f is the fre-
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The values of the total charge passed through the galvanic 
bath for 10 min (n = 30,000) for the modes shown in Fig. 2a, 
b are given in Table 1.
When using a pulse current of a rectangular shape (galva-
nostatic pulses), several particular modes are possible:
(a) unipolar pulse current (direct pulse—pause);
(b) reverse mode (direct pulse—reverse pulse);
(c) other modes (direct pulse of large amplitude—direct 
pulse of small amplitude, program modes).
We confine ourselves to the consideration of the first two 
modes within the framework of this article.
For a unipolar pulse current
(“the provided current” is constant during the pulse), it is 
recommended to use formula [32]:
where Imax is the amplitude value of the current in the 
pulse, A; pulse is the pulse duration, s; pause is the pause 
duration, s; and τ is the process duration, s.
In the electrodeposition of metals using pulse current of 
a rectangular shape with a view to determine the amplitude 




⋅  = n ⋅ Imax ⋅ pulse
Fig. 2  Oscillogram of asym-
metric alternating current 
(frequency 50 Hz) for electro-
deposition of cadmium [31] 
at different current densi-














Table 1  Values of Q
total
 passed 
through a galvanic bath of 
cadmium plating in 10 min, 




 , A/dm2 Ik
max
















 , C Q
a
 , C
1 1.00 0.04 0.50 0.02 2.55·10−4 1.27·10−4 11.46
2 1.00 0.04 0.25 0.01 2.55·10−4 0.64·10−4 9.57
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to insert a resistor (50 Ω) with the galvanic bath having a 
resistance higher than resistance of the electrochemical sys-
tem. The use of double-beam oscilloscope allows to observe 
simultaneously the voltage drop on the cell with and without 
additional resistor.
In the oscillograms shown in Fig. 3, we can see that the 
voltage drop at the additional resistor (upper beam) does not 
change with the pulse time, whereas the voltage drop on the 
resistance of the galvanic bath during the pulse (the lower 
beam) changes. The changes of used frequency in the range 
100–1667 Hz do not change the shape of signal observed on 
resistor, while at the same time, such changes have been seen 
for the cell without resistor, especially if the frequency has 
grown. Thus, measuring the voltage drop at the additional 
resistor allows to find the amplitude value of the current in 
the pulse using Ohm’s law.
When using the reverse mode of pulse electrolysis for 
determination of Qtotal , the following formula should be 
used:
where |||Idirmax
||| is the absolute amplitude value of the current 
in the direct pulse, A; |||Irevmax
||| is the absolute amplitude value 
of the current in the reverse pulse, A; dir is the direct pulse 
duration, s; rev is the reverse pulse duration, s; and τ is the 
process duration, s.
In the proposed expression, it is necessary to take abso-
lute (without regard to polarity) values of the current in the 
direct and reverse pulses.
The here-mentioned methods are applicable to other 
forms of current: triangular, sinusoidal with cutoff, and sinu-
soidal current with a constant component. However, the con-

















passed through electrochemical system is only suitable if the 
current in the pulse does not change in time, or its change 
proceeds according to some law, and can be described by 
a mathematical expression (for example, if the shape of 
the sinusoidal current is not distorted by electrochemical 
system).
It should be noted that in some non-stationary modes the 
amplitude value of the current or the electrode potential at 
the initial moment of time differs from such values after 
achievement of the quasi-stationary state [34, 35] (Fig. 4).
This circumstance does not allow using a group of analyt-
ical methods to determine the total charge in relation to the 
potentiostatic mode of pulse electrolysis and creates the pre-
requisites for the development of other groups of methods.
Electromechanical methods for determining the total 
charge in pulse electrolysis are of little use, because they do 
not allow recording the instantaneous values of the current 
of the pulse with duration less than a second with sufficient 
accuracy [36].
In this connection, the most interesting is the group of 
electronic methods in which instantaneous values of the cur-
rent are recorded through short intervals of time with the 
help of special instruments.
At present, a sufficiently large number of electronic cur-
rent integrators are proposed which give the opportunity to 
determine the total charge passed through the circuit. How-
ever, most of those integrators are designed to work only 
with direct current [37]. To use the alternating current and 
reverse modes, it is necessary to apply special integrators 
having high operating speed and allowing to record instan-
taneous values of the current.
For these purposes, it is possible to use a digital cou-
lometer, which has the following principle: a reference 
(calibrated) resistor R0 (having resistance for example, 
of 1  Ω, calculated for the current flowing through) is 
inserted in the circuit in series with the electrochemical 
cell (Fig. 5). If the current in the system is higher than the 
Fig. 3  Oscillograms of different 
modes of pulse electrolysis 
(upper beam is the voltage drop 
at the additional resistor (50 Ω; 
lower beam is the voltage drop 
at the galvanic bath of nickel 
plating) [32]
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one for which the resistor is designed, it is necessary to 
use a set of shunts, and take this into account in the results.
The value of current may be calculated by measuring 
the potential drop on a reference resistor. Voltage measure-
ments are carried out through certain time intervals, which 
are determined by the frequency of the used current (the 
higher is the frequency, the shorter time interval is).
It has been experimentally established that the highest 
accuracy is observed when using a digital storage oscil-
loscope (for example, Tektronix TDS 1002B, TDS 3012B) 
connected in parallel to a reference resistor having a pre-
cise value of electrical resistance (for example, 1 Ω). This 
method is the most suitable for laboratory studies aimed 
at establishing the optimal modes of pulsed electrolysis.
The proposed designs of current integrators will allow 
operating with currents of different shapes; therefore, they 
are universal.
4.2  Determination of Charge Spent on Faradaic 
Processes
Obtaining information on the dependence of the current of 
the process in time makes it possible to calculate the charge 
consumed by the entire process as a whole, and to calculate 
 CEtotal. It is possible to estimate the charge consumed only 
for Faraday processes, and, therefore, to calculate  CEF, using 
electrochemical coulometers [37].
In the literature, there are quite contradictory data about 
the ratio of the current consumed by faradaic and non-far-
adaic processes. So, in [38] there is information that the 
time of EDL recharging is a fraction of a millisecond and, 
therefore, the contribution of the non-faradaic processes 
should be taken into account only at high frequencies (above 
1000 Hz). However, there are experimental results in [39], 
from which it follows that an increase in the current fre-
quency from 10 to 100 Hz (at a constant amplitude value of 
the polarizing current) causes that the part of current con-
sumed by faradaic processes is reduced by 25%.
To choose the type of a coulometer, it is necessary to pro-
ceed from the fact that opposite processes (for example, dep-
osition and dissolution of a metal) should not pass through 
the surface of the electrodes during the cathodic and anodic 
half-cycles. In this connection, the gas oxygen–hydrogen 
coulometer is the most suitable, consisting of two platinum 
electrodes immersed in a solution of alkali or sulfuric acid 
in a special vessel for accurate determination of the volume 
of the gas mixture (Fig. 6).
Thus, by measuring the total volume of the gas, it is pos-
sible to calculate approximately the charge passed through 
the system during the cathodic and anodic pulses and con-
sumed only by faradaic processes (Table 2). Subtracting 
this value from the total of spent charge, we can find the 
charge consumed by non-faradaic processes (for example, 
the recharging of electrical double layer).
Examinating the operation of this coulometer at dif-
ferent modes, we have found that the accuracy of charge 
Fig. 4  Change of the potential in time under galvanostatic mode (a) and of current under potentiostatic mode (b) of pulse electrolysis in acidic 
lactate electrolyte of zinc plating [35]
Fig. 5  Scheme of the proposed digital coulometer (R0 is the reference 
resistor, ADC is the analog–digital converter, MPU is the micropro-
cessor unit, IU RS-232 is the RS-232 interface unit, and PC is the 
personal computer)
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determining is high enough, and the error does not exceed 
0.1%. However, to achieve high accuracy, it is recom-
mended: to ensure a high degree of tightness of the system; 
to use burets having the corresponding size as a device for 
determining the volumes of released gases; to saturate the 
solution by gaseous oxygen and hydrogen, by “dummy” 
operation of this device before starting the research; to elimi-
nate the possibility of cathodic oxygen reduction.
To fulfill the last point of the recommendations, it is nec-
essary to ensure such conditions under which the discharge 
of hydrogen ions on the cathode would pass with the rate 
much higher than the rate of oxygen reduction. To achieve 
this, it is proposed to use acid solutions instead of solu-
tions of alkalis, as in an acidic environment the discharge 
of hydrogen ions is greatly facilitated, with an almost 
unchanged oxygen reduction rate.
On Table 2, we can see the values both of total and fara-
daic charges passed during the electrodeposition of zinc 
from the acid electrolyte with the addition of lactic acid [34].
The values of E1 and E2 parameters were chosen experi-
mentally so that to have unipolar regime (during the half of 
period the current is null) and reverse regime when during 
the half of period there is cathodic (or anodic) current (see 
Fig. 7a, b).
It should be noted that with values of E2 potential less 
negative than − 1000 mV, a change in the current flow direc-
tion is observed in this solution (for some time at E2 values, 
the electrode is polarized anodically) (Fig. 7). This leads to 
the fact that the part of current consumed by EDL recharg-
ing decreases.
As we can see from the data presented in Table 2, the 
fraction of non-faradaic current is greater in reverse modes 
in comparison with unipolar modes.
The disadvantage of using an electrochemical coulometer 
to study the processes using alternating current is the fact 
that both the coulometer and the galvanic bath are complex 
systems described as a set of active and reactive resistances. 
Therefore, the coulometer connected in series will influence 
on the processes in galvanic bath [38].
For this reason, the data given in Table 2 can only be used 
for a comparative assessment of influence of the electrolysis 
mode on the ratio between part of faradaic current and the 
current of EDL recharging. The absolute values given in 
Table 2 include the recharging current of EDL of all the 
electrodes of the system under study, as well as the coulom-
eter electrodes.
Taking into account that the recharging current of EDL 
is directly proportional to EDL capacity, it is possible to 
Fig. 6  Device for measuring the charge spent on Faraday processes 
(1—potentiostat, 2—computer, 3—electrochemical cell with the test 
solution, 4—working electrode, 5—auxiliary electrodes, 6—reference 
electrode, 7—gas coulometer, 8—buret, 9—coulometer electrodes)
Table 2  The ratio between the total charge (Qtotal) and the charge spent on faradaic processes (QF) under various modes of electrodeposition of 
zinc from acid electrolyte with the addition of lactic acid (from [32, 34, 35])









1. E1 = − 1900 mV
E2 = − 1200 mV
τ1 = τ2 = 0.25 s
Unipolar 45.73 ± 0.24 42.19 ± 0.66 92.26 ± 2.26
2. E1 = − 1900 mV E2 = − 1100 mV τ1 = τ2 = 0.25 s Unipolar 45.33 ± 0.50 41.84 ± 0.67 92.30 ± 2.93
3. E1 = − 1900 mV E2 = − 1000 mV τ1 = τ2 = 0.25 s Reverse 51.60 ± 0.98 38.83 ± 1.12 75.25 ± 6.36
4. E1 = − 1900 mV E2 = − 1200 mV τ1 = 0.25 s
τ2 = 0.1 s
Unipolar 48.42 ± 0.11 41.91 ± 0.69 86.56 ± 2.16
5. E1 = − 1900 mV E2 = − 1200 mV τ1 = 0.1 s
τ2 = 0.25 s
Unipolar 44.63 ± 0.03 40.29 ± 0.66 90.28 ± 1.89
6. E1 = − 1900 mV E2 = − 1200 mV τ1 = 0.1 s
τ2 = 0.5 s
Unipolar 46.97 ± 0.17 41.36 ± 0.67 88.06 ± 2.25
7. E1 = − 400 mV,
E2 = − 000 mV,
τ1 = τ2 = 0.25 s
Reverse 54.92 ± 1.21 38.33 ± 1.07 69.79 ± 7.16
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propose the system model (Fig. 8), in which capacitors are 
connected in parallel with the galvanic bath. At the same 
time, the total capacity of the system will increase; hence, 
the part of current consumed by non-faradaic processes 
will also increase. Thus, it will be possible to estimate the 
dependence of the charge consumed by faradaic processes 
on the frequency of pulse current.
The appropriate experiment was carried out in an acidic 
lactate electrolyte of tinning [33]. Galvanostatic regime 
with the current pulses of a rectangular shape (current 
density amplitude of 3 A/dm2) was applied in the experi-
ments. The value of capacity of the additional capacitors 
has been changed from 0 to 42 μF, which is comparable 
to EDL capacity of the flat electrode (20μF/cm2) [40]. As 
the investigations showed, the influence of the pulse cur-
rent frequency (up to 250 Hz) with different values of the 
additional capacity on the current efficiency of tin is insig-
nificant (Table 3), and that allows to neglect the part of cur-
rent consumed by non-faradaic processes. The obtained by 
us results are consistent with the results given in [9].
5  Conclusions
1. For the determination of total charge passed through the 
system, Qtotal , the most acceptable are analytical meth-
ods and the using of electronic integrators of current 
(coulometers).
2. The comparison of results on current efficiency of AC 
electrochemical processes obtained by various authors 
Fig. 7  Dependence of the electrode potential (1) and current (2) in time under the potentiostatic mode of pulse electrolysis in acidic lactate elec-
trolyte of zinc plating: a unipolar mode; b reverse mode; [35]
Fig. 8  Device to determine the dependence of the charge spent on 
Faraday processes on the pulse current frequency (1—bath with elec-
trolyte; 2—working electrode; 3—auxiliary electrodes; C1, C2, C3—
capacitors; S1, S2, S3—toggle switches)
Table 3  Dependence of the current efficiency of tin deposition on the 
pulse current frequency with different capacity values of the addi-
tional capacitor (from [33])
Capacity of the addi-
tional capacitor, μF
Pulse current frequency 
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needs the knowledge about methods used for determin-
ing of the charge and methodology of calculating. Oth-
erwise, there is no possibility to compare those results.
3. Schemes of devices and methods for determining Fara-
day and non-faradaic current components with pulse 
electrolysis described in this paper allowed to establish 
that
• at sufficiently low frequencies (less than 250 Hz), the part 
of current consumed by EDL recharging is negligible;
• when using the reverse mode of electrolysis, the part of 
non-faradaic component increases.
4. To find the value of the total charge with reverse current 
(“direct pulse–reverse pulse” mode), it is necessary to 
use absolute (without regard to polarity) values of the 
current in the direct and reverse pulses.
5. The use of analytical methods is possible only under the 
condition that the current during the pulse is constant or 
changing according to determined known function.
6. The energy efficiency of processes occurring with 
change of current and potential in time is less than when 
using direct current, since part of electricity in using 
alternating current is spent on non-faradaic processes. 
The experimental research makes possible to find the 
most optimal modes in which the part of current con-
sumed by the faradaic processes is maximal.
Funding This work was carried out within the project No. 0748-2020-
0013, “Scientific principles for the formation of heterogeneous struc-
tures by methods of physical and chemical dispersion” (State task for 
the University in the field of scientific activity of Ministry of Science 
and Higher Education of the Russian Federation).
Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.
References
 1. Bakhvalov, G.T.: Novaya tekhnologiya e`lektroosazhdeniya met-
allov (Reversirovanie toka v gal`vanostegii). [New technology of 
metal electrodeposition (Current reversal in electroplating)], p. 
150. Metallurgiya, Moskva (1966)
 2. Ozerov, A.M.; Krivtsov A.K.; Khatiev, V.A.: Nestacionarny`j 
e`lektroliz. [Non-stationary electrolysis], p. 160. Nizhne-Volzh-
skoe Izdatelstvo, Volgograd (1972)
 3. Ali, G.; Maqbool, M.: Fabrication of cobalt-nickel binary nanow-
ires in a highly ordered alumina template via AC electrodeposi-
tion. Nanoscale Res. Lett. 8(1), 1–8 (2013)
 4. Prida, V.M.; Vega, V.; Garcia, J.; Iglesias, L.; Hernando, B.; Min-
guez-Bacho, I.: Electrochemical methods for template-assisted 
synthesis of nanostructured materials. In: Vázquez, M. (ed.) Mag-
netic Nano- and Microwires: Design, Synthesis, Properties and 
Applications, pp. 3–39. Elsevier, Amsterdam (2015). (ISBN-13: 
978-0081001646)
 5. Shipley, J.W.: The alternating current electrolysis of water. Can. 
J. Res. 1(4), 305–358 (1929). https ://doi.org/10.1139/cjr29 -020
 6. Senftle, F.E.; Grant, J.R.; Senftle, F.P.: Low-voltage DC/AC elec-
trolysis of water using porous graphite electrodes. Electrochim. 
Acta 55(18), 5148–5153 (2010). https ://doi.org/10.1016/j.elect 
acta.2010.04.022
 7. Bertha, J.; Schwimann, J.; Wöbking, H.; Wörz, H.: PCR technique 
in electrolytic copper refinement and a new environment-friendly 
way for the extraction of valuable metals from electrolyte solu-
tions. Erzmetall 32(7/8), 335–337 (1979)
 8. Gieron, M.; Zaprzalski, P.; Ruta, S.: A method for industrial cop-
per electrorefining. European Patent Office EP2783026A1 (2011)
 9. Kostin, N.A.; Kublanovsky, V.S.; Zabludovsky, V.A.: Impul`sny`j 
e`lektroliz [Pulse electrolysis]. Naukova Dumka, Kiev (1989). 
(ISBN 5-12-000754-6)
 10. Kostin, N.A.; Kublanovsky, V.S.: Impul`sny`j e`lektroliz splavov 
[Pulse electrolysis of alloys]. Naukova Dumka, Kiev (1996)
 11. Pena, E.M.D.; Roy, S.: Electrodeposited copper using direct and 
pulse currents from electrolytes containing low concentration of 
additives. Surf. Coat. Technol. 339, 101–110 (2018)
 12. Borisova, T.F.; Kichigin, V.I.: Izvlechenie metallov iz razbavlen-
nykh rastvorov pri impulsnom elektrolize [Extraction of metals 
from dilute solutions in pulse electrolysis]. Galvanotekhnika i 
obrabotka poverkhnosti VIII(1), 43–47 (2000)
 13. Labyak, O.V.; Kostin, N.A.: Extraction of nickel from rinsing 
water from galvanic plants using pulse electrolysis. Khimiya i 
Tekhnologiya Vody 18(4), 392–399 (1996)
 14. Khorasani, S.; Motieifar, A.; Rashidian, B.: Optimal pulse shapes 
for periodic reverse electroplating. Iran. J. Sci. Technol. Trans. 
27(4), 701–711 (2003)
 15. Zagorodnyi. A.P.; Lavrus, A.S.: Impul`sny`e istochniki toka dla 
naneseniya gal`vanopokry`tij [Pulse current sources for galvanic 
coatings]. In: Proceedings of Scientific and Practical Seminar, 
Kiev, May 28–30, 1991, pp. 15–16 (1991)
 16. Domoretskiy, D.A.; Ganigin, S.U.; Ibatullin, I.D.; Gallyamov, 
A.R.; Polyakov, G.S.; Kretov, S.S.; Durnitsyn, K.S.: Galvanich-
eskaya ustanovka dla naneseniya pokrytij na asimmetrichnom 
peremennom toke. [Galvanic equipment for drawing the cover-
ings on asymmetric alternating current]. Izv. Samara Sci. Center 
Russ. Acad. Sci. 14(1(2)), 541–543 (2012)
 17. Ibl, N.; Puippe, J.C.; Angerer, H.: Electrocrystallization in pulse 
electrolysis. Surf. Technol. 6(4), 287–300 (1978). https ://doi.
org/10.1016/0376-4583(78)90044 -4
 18. Kofuji, H.; Okamura, N.; Mizuguchi, K.; Myochin, M.: Effect 
of pulse electrolysis on morphology of co-deposited MOX gran-
ules. J. Nucl. Sci. Technol. 45(9), 942–950 (2008). https ://doi.
org/10.1080/18811 248.2008.97114 95
 19. Yermolenko, I.Y.; Ved, M.V.; Sakhnenko, N.D.; Fomin, L.P.; 
Shipkova, I.G.: Galvanic ternary Fe–Co–W coatings: structure, 
composition and magnetic properties. Funct. Mater. 25(2), 274–
281 (2018). https ://doi.org/10.15407 /fm25.02.274
352 Arabian Journal for Science and Engineering (2021) 46:343–352
1 3
 20. Kireev, S.Y.: Intensification of processes of electrodeposition 
of metals by use of various modes of pulse electrolysis. Inorg. 
Mater. Appl. Res. 8, 203–210 (2017). https ://doi.org/10.1134/
S2075 11331 70200 95
 21. Ni, Q.; Kirk, D.W.; Thorpe, S.J.: Pulse electrolysis in the electro-
oxidation on the Ti/SnO2–Sb2O5 anode for wastewater treatment. 
Paper Present. ECS Trans. 28(29), 33–38 (2010). https ://doi.
org/10.1149/1.35024 42
 22. Bard, A.J.; Faulkner, L.R.: Electrochemical Methods: Fundamen-
tals and Applications, 2nd edn, p. 864. Wiley, New York (2001). 
(ISBN: 978-0-471-04372-0)
 23. Potockaya, V.V.; Evtushenko, N.E.: K teorii impulsnovo rezhima 
ionnovo masooprenenosa pri potentiostaticheskikh uslovijakh 
[About the theory of mass transfer at potentiostatic regime]. Ukr. 
Khim. Zh. 6(56), 599–604 (1990)
 24. Kozin, L.F.: Elektroosazhdenie i rastvorenie mnogovalentny`h 
metallov. [Electrodeposition and dissolution of polyvalent met-
als]. Naukova Dumka, Kiev, p. 464 (1989). ISBN 5-12-000744-9
 25. Kolotyrkin, Y.M.; Florianovich, G.M.: Anomal`noe rastvorenie 
metallov. E`ksperimental`ny`e fakty` i ikh teoreticheskoe tolko-
vanie [Abnormal dissolution of metals. Experimental facts and 
their theoretical interpretation]. Zashhita Metallov. 20(1), 14–23 
(1984)
 26. Gudin, N.V.; Gilmanshin, G.G.; Yarkhunov, V.L.: Opredelenie 
vy`hoda metalla po toku pri nestacionarnykh rezhimakh osazh-
deniya [Determination of metal current efficiency under non-sta-
tionary deposition modes]. Zashhita metallov. XXI(6), 970 (1985)
 27. Vetter, K.J.: Electrochemical Kinetics, p. 454. Academic Press, 
New York (1967). (ISBN13 9780127202501)
 28. Paunovic, M.; Schlesinger, M.: Fundamentals of Electrochemi-
cal Deposition, 2nd edn, p. 388. Wiley, New York (2006). 
(ISBN:9780471712213)
 29. Rybalko, A.V.; Bobanova, Z.I.: Katodny`e processy` v uslovi-
yah podachi toka impul`sami s kruty`mi perednimi frontami. 
[Cathodic processes under conditions of current supply by pulses 
with steep leading fronts]. Gal`vanotekhnika i obrabotka poverkh-
nosti. 5, 13–17 (1993)
 30. Batishchev, A.N.: Opredelenie vy`hodov po toku pri osazhdenii 
metallov na asimmetrichnom peremennom toke. [Determination 
of current efficiencies during metal deposition on asymmetric 
alternating current]. Zashhita Metallov. 10(1), 84–85 (1974)
 31. Kireev, S.Yu.; Peristaya, G.A.; Perelygin, Yu.P.: E`lektroosazhdenie 
indiya, kadmiya i splava indij-kadmij iz kislykh e`lektrolitov s 
ispol`zovaniem asimmetrichnogo peremennogo toka [Electrodepo-
sition of indium, cadmium and indium-cadmium alloy from acid 
electrolytes using asymmetric alternating current]. In: Aktual`ny`e 
problemy` sovremennoj nauki, Tezisy` dokladov Mezhdunarodnoj 
konferencii molody`h ucheny`h i studentov, Samara, p. 34 (2000)
 32. Kireev, S.Yu.: Nauchny`e principy vysokoskorostnogo osazh-
deniya pokrytij metallami i splavami s ispolzovaniem impul`snykh 
rezhimov e`lektroliza. [Scientific principles of high-speed deposi-
tion of coatings with metals and alloys using pulsed electrolysis 
modes]. Dissertation for obtaining the degree of doctor of techni-
cal sciences. Saratov State Technical University (2016)
 33. Perelygin, Y.; Kireev, SYu; Kireev, A.Y.: E`lektroosazhdenie olova 
iz kislogo laktatnogo e`lektrolita na postoyannom e`lektricheskom 
toke. [Electrodeposition of tin from acidic lactic electrolyte at 
constant electric current]. Izvestiya vy`sshix uchebny`x zavedenij. 
Povolzhskij Region 6(33), 131–134 (2007)
 34. Kireev, S.Y.; Perelygin, Y.P.; Kireeva, S.N.; Vlasov, D.Y.: 
E`lektrokhimicheskoe osazhdenie cinka v potenciostaticheskom 
rezhime impul`snogo e`lektroliza iz malotoksichnogo laktatnogo 
e`lektrolita [Electrodeposition of zinc coatings in the controlled 
potential mode of impulse electrolysis from low-toxic lactic elec-
trolyte]. Izvestiya VUZov. Povolzhskij region. Tekhnicheskie 
Nauki. 4, 225–235 (2013)
 35. Perelygin, Y.P.;  Kireev, S.Y.; Yagnitshenko, N.V.: 
E`lektroosazhdenie cinka iz kislogo laktatnogo e`lektrolita. 
[Electrodeposition of zinc from acidic lactic electrolyte]. 
Gal`vanotekhnika i obrabotka poverkhnosti 3(3), 30–32 (2011)
 36. Shramkov, E.G. (ed).: Electrical measurements. Means and meth-
ods of measurements. Vy`ssh. Skola, Moskva (1972)
 37. Freiman, L.I.; Makarov, V.A.; Bryksin, I.E.: Potenciostaticheskie 
metody` v korrozionny`h issledovaniyah i e`lektrohimicheskoj 
zashhite. [Potentiostatic methods in corrosion research and elec-
trochemical protection], p. 238. Khimia, Leningrad (1972)
 38. Gamburg, Y.D.; Zangari, G.: Theory and Practice of Metal 
Electrodeposition, p. 378. Springer, New York (2011). (ISBN: 
978-1-4419-9668-8)
 39. Levitin, Z.N.; Komlichenko, O.P.: Raschet toka reakcii pri katod-
noj polyarizacii nikelevogo e`lektroda s nalozheniem peremen-
nogo toka. [Calculation of the reaction current under cathodic 
polarization of a nickel electrode with superposition of alternating 
current]. Khimiya i khimicheskaya tekhnologiya 13(5), 681–684 
(1970)
 40. Damaskin, B.B., Petrii, O.A.: Vvedenie v e`lektrokhimicheskuyu 
kinetiku [Introduction to electrochemical kinetics], 2nd edn., pp. 
400, Vy`sshaya shkola, Moskva (1983)
